A 55-kD organic anion binding protein (OABP) was identified previously in liver cell plasma membrane sinusoidal subfractions. Although this protein was localized to the surface of hepatocytes by immunofluorescence, immunoblot analysis revealed reactivity toward both plasma membrane and mitochondrial fractions. To clarify these findings, an immunoreactive clone from a rat liver cDNA expression library was isolated, the 1,500-base pair cDNA insert was sequenced, and the corresponding j-galactosidase fusion protein was expressed and purified. The resulting sequence corresponded to that of the rat mitochondrial Fl-adenosine triphosphatase (Fl-ATPase) ,-subunit. This protein and OABP are of similar size and are mutually immunologically cross-reactive. That the antigen was present on the cell surface as well as in mitochondria was suggested from studies of immunoprecipitation after cell-surface iodination, and light-and electron-microscopic immunocytochemistry. Photoaffinity labeling of bovine FI-ATPase with high-specific-activity V5Slsulfobromophthalein revealed binding only to the #-subunit. Hepatocyte uptake of bilirubin and sulfobromophthalein requires cellular ATP and mitochondria also transport these organic anions, which at high doses inhibit respiration. The presence of an organic anion binding site on the F,-ATPase #-subunit suggests that it may play a role in these processes. (J. Clin. Invest. 1990. 86:220-227.) 
Introduction
The organic anions bilirubin and sulfobromophthalein (BSP)' circulate tightly bound to albumin (1, 2) . The avidity of albumin for these compounds is such that, at equimolar concentrations, < 0.1% ofligand remains unbound at equilibrium (3) . Despite the fact that these organic anions are protein bound, they are rapidly extracted from their protein carrier by the liver (2) . Previous studies revealed that hepatocyte uptake of bilirubin and BSP had carrier-mediated kinetics (1, 4) . In particular, recent studies performed in short-term cultured rat hepatocytes revealed that this uptake process was saturable, temperature sensitive, inhibited after depletion of cellular ATP, and dependent upon the presence of C1-in medium (5, 6) .
We identified a 55-kD protein in sinusoidal surface-derived subfractions of liver cell plasma membrane as a putative organic anion transporter that bound photoactivated [35S]BSP (7) . Subsequently, we purified this organic anion binding protein (OABP) from deoxycholate-solubilized rat liver cell plasma membrane by using BSP-Sepharose affinity chromatography (7) . Through the use of monospecific antibody, OABP was localized to the surface of hepatocytes by immunofluorescence (8) . However, immunoblot analysis revealed reactivity towards both plasma membrane and mitochondrial fractions (8) . To clarify these findings, we have screened a rat liver cDNA expression library with this antibody. DNA inserts of isolated clones were sequenced and expressed as f3-galactosidase fusion proteins. The cDNA sequence was identical to the sequence of the 3' 1,500 base pairs of the ,8-subunit of rat mitochondrial F.-adenosine triphosphatase (F.-ATPase). These proteins are of similar size and are mutually immunologically cross-reactive. We present data suggesting that this antigen resides on both the plasma membrane and the inner mitochondrial membrane of the hepatocyte.
Methods
Rat liver cDNA library screening. A rat liver Xgt 1I cDNA expression library (Clontech Laboratories, Inc., Palo Alto, CA) was screened for OABP expression by the method ofYoung and Davis (9) . In brief, goat anti-rat OABP antiserum, diluted 1:100 in 50 mM Tris, pH 7.8, 15 mM NaCl containing 3% (wt/vol) bovine serum albumin (BSA) was used to identify OABP-expressing recombinants. Nitrocellulose filters were washed and blocked with 3% (wt/vol) BSA and 0.3% (wt/vol) dry milk in Tris-buffered saline at 4VC. Positive plaques were visualized using rabbit anti-goat IgG horseradish peroxidase conjugate (Sigma Chemical Co., St. Louis, MO) (1:400) followed by incubation with 4- (10 Ml) for 3 h at 40C. Antigen-antibody complexes were recovered by adsorption to 50 Ml of 20% Protein A-Sepharose for 30 min at 40C followed by centrifugation for 2 min. Protein A-Sepharose beads were then washed five times with 1 ml of 10 mM Tris, pH 7.2, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS (13) and once with 0.05 M Tris-saline, pH 7.4. The antigen-antibody complexes were removed from the Protein A-Sepharose beads and denatured by boiling in SDS-PAGE sample buffer containing 5% fl-mercaptoethanol for 3 min. The protein A-Sepharose beads were removed by centrifugation and the supernatant was subjected to 10% SDS-PAGE. Fixed gels were dried and subjected to radioautography (13 previously described (7) . An aliquot of this mixture was subjected to SDS-PAGE and fluorography.
Preparation of liver tissue for immunocytochemistry. Male Sprague-Dawley rats (250-300 g) (Marland Farms, Hewitt, NJ) were anesthetized by ether, and the livers were fixed either by perfusion or immersion at 4°C with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, 7.5% sucrose for a total of 4 h (15) . After an overnight rinse in cold 0.1 M phosphate buffer, pH 7.4, 7.5% sucrose, nonfrozen sections -30 Mm thick were prepared with an Oxford Vibratome (Ted Pella, Tustin, CA), using a slow speed and high amplitude setting, and placed in cold 7.5% sucrose. Sections were exposed to rabbit anti-OABP serum at 4°C for h, with intermittent, mild agitation.
Single sections (-2 mm2) were placed in tissue culture U-shaped multiwell plastic trays (Linbro, Flow Laboratories, Inc., McLean, VA) that contained 0.2 ml of antiserum diluted 1:100 with PBS containing 1% BSA. After several rinses in cold PBS, the sections were treated with Protein A-horseradish peroxidase (0.1 ml/ml) (E. Y. Laboratories, San Mateo, CA) for 1 h at room temperature in the dark. After several rinses in PBS and in 7.5% sucrose, the sections were incubated in 3,3'-diaminobenzidine tetrahydrochloride (Sigma Chemical Co.) at pH 7.6 (15) at room temperature for 10 min in the dark to reveal peroxidase activity, and examined by light microscopy. Some sections were processed for electron microscopy as previously described (15) .
Immunogold localization studies. Immunogold-labeling was performed on LR-White (London Resin, Ltd., Hampshire, England) ultrathin sections. Fixation was done by vascular perfusion with 2% paraformaldehyde plus 0.1% glutaraldehyde in PBS (pH 7.4) for 5 
Results
Identification of OABP-reactive clones from a X gtJJ rat liver expression library. Approximately 2 X 106 plaques produced from a Xgtl 1 cDNA rat liver library were screened with goat anti-rat OABP antibody, and six positive plaques were identified. These plaques were purified by three additional cycles of plating and screening with the same antibody. DNA was purified from these phage, digested with EcoRI, and subjected to agarose gel electrophoresis. The DNA patterns from the six recombinant DNAs were identical, consisting of two bands of ' 1,250 and 300 base pairs, indicating the presence of an internal EcoRI site. The two EcoRI insert DNA fragments from one clone were subcloned into pGEM2.
Immunologic characterization of the recombinant protein in E. coli. Lysogenic E. coli were induced with isopropyl f3-Dthiogalactopyranoside to produce the f3-galactosidase-OABP fusion protein. This recombinant protein was virtually insoluble in detergent at 4VC, and was purified by preparative 7.5% SDS-PAGE after extraction of the lysate sequentially with 1% Triton X-100 and 1% deoxycholate (Fig. 1, left) . Immunoblot analysis of the E. coli lysate revealed the presence of an -160-kD band reacting with both antibody to fl-galactosidase and antibody to OABP (Fig. 1, right) . Nontransformed E. coli lacked this immunoreactivity (Fig. 1, right) .
Immunoblot analysis using antibody to the purified recom- binant fusion protein revealed a similarly sized 55-kD band with purified OABP (Fig. 2) and rat liver homogenate (data not shown). This immunoreactivity was markedly reduced after preabsorption of the antibody with either OABP or the fusion protein (Fig. 2) . Similar results were obtained with the original anti-OABP antibody (data not shown).
Nucleotide sequence and deduced amino acid sequence of OABP cDNA. A partial restriction map of the 1500-base pair Xgtl 1 cDNA insert is shown in Fig. 3 . The five DNA fragments labeled a-e were subcloned into either pGEM-2 (b, e), pGEM-3Z (c, d), or pGEM-3 (a). In addition the two EcoRI restriction fragments were subcloned into pGEM-2. These subclones were sequenced using the strategy shown in Fig. 3 . Computer analysis of the DNA sequence revealed identity with bases 63-1558 of the published sequence ofthe 13-subunit of rat mitochondrial FI-ATPase (16 (Fig. 6) . Immunocytochemistry studies. To directly visualize antigenic localization, sections of rat liver were examined using immunocytochemistry. Bound antibody was detected by immunoperoxidase staining. As seen in Fig. 7 , by light microscopy, anti-OABP antibody reacted with the sinusoidal and basolateral cell surface but not with the canalicular membrane. Diffuse granular cytoplasmic staining, compatible with a mitochondrial subcellular localization, was also seen. Immunoreactivity was not seen with nonimmune serum or with anti-OABP that had been preabsorbed with the recombinant protein. By electron microscopy, reaction product was clearly seen on sinusoidal and basolateral but not canalicular surfaces of hepatocytes (Fig. 8) . Visualization of immunoreactivity in mitochondria was difficult. However, using immunogold methodology, antigen was clearly detected within mitochondria (Fig. 9) Two other candidate organic anion transport proteins have been identified (17, 18) . Their relationship to OABP is not clear. Antibody to the protein isolated by Stremmel and Berk (17) partially inhibited BSP uptake by isolated hepatocytes. However, large amounts of antibody were necessary, and uptake was determined only at high concentrations of BSP in the absence of albumin. It is questionable whether a physiologic, or a higher capacity, lower affinity organic anion transporter was studied (5, 6). Sottocasa et al. (18) reconstituted BSP uptake in liposomes with their candidate transporter. The relationship of this protein to the other organic anion binding proteins and to physiologic organic anion transport is yet to be established. Ultimate determination of function of these proteins may await transfection of transport-deficient cells with specific full-length cDNAs.
In the present study, the antibody to purified OABP was used to clone a cDNA from a rat liver expression library. This cDNA coded for -80% of the apparent molecular weight of mature OABP and was expressed in E. coli as a fusion protein with fl-galactosidase. Antibody raised to the fusion protein or antibody to native OABP reacted with both proteins as indicated by loss of antibody activity after absorption against either protein. This immunologic cross-reactivity indicates a high degree of homology between the affinity purified OABP and the fusion protein encoded by the cDNA. Computer analysis of the cDNA sequence revealed identity with the published cDNA sequence for the fl-subunit of rat mitochondrial F,-ATPase (16). This F,-ATPase subunit and OABP were of the same molecular mass as estimated by SDS-PAGE and were immunologically cross-reactive (Fig. 4) . Although the presence of OABP in sinusoidal rat liver cell subfractions could be due to a small amount of mitochondrial contamination, several lines of evidence suggest both a liver cell surface and inner mitochondrial localization of this antigen. By ELISA, OABP was -14-fold enriched in sinusoidal subfractions in which mitochondrial enzyme markers were deenriched (8) . Surface iodination of cultured hepatocytes at 4VC and immunoprecipitation using anti-OABP (Fig. 6 ) resulted in specific recovery of a 55-kD protein (Fig. 6) . These results suggesting hepatocyte surface localization of OABP were confirmed by immunocytochemistry at both the lightand electron-microscopic level. In rat liver, surface localization of OABP is seen only in hepatocytes. The widespread tissue homogenate distribution of the antigen reported previously (8), probably derives from its presence in mitochondria.
The a-subunit of F1-ATPase, an inner mitochondrial membrane protein, has not been previously described on the plasma membrane. The 63-subunit precursor is coded from chromosomal DNA which is thought to be translated on free polysomes (19) . The signal for mitochondrial localization of this protein resides at the NH2 terminus (20) . After binding, the precursor protein is translocated into mitochondria by an ATP-dependent process during which the NH2-terminal -60 amino acids are cleaved, producing the mature form of the protein (20) (21) (22) . These events differ from those characterizing the usual synthetic pathway for plasma membrane proteins, involving signal recognition protein-dependent synthesis on membrane-bound polysomes (23) (24) (25) . However, since the liver cell mitochondrial membrane area is -25 times that of the plasma membrane (26) , it is possible that a small yet significant percent of mRNA coding for the #-subunit ofF1-ATPase is translated via the signal recognition protein-dependent translocation mechanism. Alternatively, there may be heterogeneity in mRNA coding for the signal sequence ofthis protein at the 5' translated region. Such heterogeneity could arise from a mechanism such as tissue-specific alternate splicing of RNA, or alternative start sites. These possibilities will be the subject of future studies. Although Northern blot analysis revealed a single band upon hybridization of rat liver mRNA with our cDNA, microheterogeneity within this band must be considered. Both the cDNA obtained by us and the cDNA obtained by Garboczi et al. (16) lack the NH2-terminal 200-250 nucleotides as judged by comparison with the sequence of the human F,-ATPase #-subunit (27) .
The presence of identical or closely related proteins in mitochondria and plasma membrane has been suggested in other systems. Berk et al. (28) reported that a rat hepatic plasma membrane, fatty acid binding protein and mitochondrial glutamate-oxaloacetate transaminase located in the mitochondrial matrix, share a number ofproperties. They found that the sequence of the 24 NH2-terminal amino acids of the fatty acid binding protein are identical to the published sequence for mitochondrial glutamate-oxaloacetate transaminase. Monospecific polyclonal antisera raised against each of the proteins cross-reacted with the other protein. Each of the antisera were reported to exhibit "cytoplasmic" (presumably mitochondrial) and plasma membrane immunofluorescence staining.
Cell surface localization of mitochondrial antigens has also been observed in primary biliary cirrhosis, a liver disease of unknown etiology characterized by slowly progressive destruction of biliary epithelium and signs of increasing cholestasis, resulting eventually in profound jaundice and death. Circulat- Immunogold localization of OABP in rat liver mitochondria. Ultramicrotome sections of LR-White ultrathin sections of 2% paraformaldehyde/0. 1% glutaraldehyde-fixed rat liver were prepared as described in Methods and localization of anti-OABP was identified after incubation in goat anti-rabbit IgG coupled to colloidal gold (5-6 nm). Abundant gold particles are seen within mitochondria (X 100,000). (29) . These studies also demonstrated by immunofluorescence reactivity ofthese sera with a hepatoma cell surface antigen(s); immunofluorescence was eliminated by preabsorption ofantisera with bovine heart mitochondria (29).
The functional significance of these findings is not as yet known. Previous studies that we performed in cultured rat hepatocytes revealed that uptake ofbilirubin and BSP required cellular ATP and the presence of Cl- (6) . Other studies revealed that mitochondria transport organic anions such as BSP (30, 31) , and in high doses, BSP and bilirubin inhibit mitochondrial respiration (32) . The [35S]BSP photoaffinity-labeling studies, which were performed in an approximately threefold molar excess of native bovine F1-ATPase using the molecular mass of 371,135 daltons as determined by Walker et al. (33) , indicate that only the (-subunit bound BSP (Fig. 10) . The presence of an organic anion binding site on the F1-ATPase d-subunit suggests that it may play a role in these processes.
